A parameter-free evaluation of the N − P 11 (1440) electromagnetic transition form factors is performed within a light-front constituent quark model, using for the first time the eigenfunctions of a mass operator which generates a large amount of configuration mixing in baryon wave functions. A one-body electromagnetic current, which includes the phenomenological constituent quark form factors already determined from an analysis of pion and nucleon experimental data, is adopted. For Q 2 up to few (GeV /c) 2 , at variance with the enhancement found in the elastic channel, the effect of configuration mixing results in a significant suppression of the calculated helicity amplitudes with respect to both relativistic and non-relativistic calculations, based on a simple gaussian-like ansatz for the baryon wave functions.
Electroproduction of the Roper resonance and the constituent quark model F. Cardarelli (a) , E. Pace (b) , G. Salmè (c) , S. Simula (c) respect to relativistic as well as non-relativistic calculations, based on a simple gaussian-like ansatz for the baryon wave functions, is obtained. In the LF hamiltonian dynamics (cf. [12] ) intrinsic momenta of the CQ's, k i , can be obtained from the on-mass-shell momenta p i in a general reference frame, through the LF boost L −1 f (P 0 ), which transforms the momentum P 0 ≡ JJn π ,P , is an eigenstate of: i) isospin, T and T 3 ; ii) parity, π; iii) kinematical (non-interacting) LF angular momentum operators j 2 and j n , where the vectorn = (0, 0, 1) defines the spin quantization axis; iv) total LF baryon momentumP ≡ (P + , P ⊥ ) =p 1 +p 2 +p 3 , where P + = P 0 +n · P and the subscript ⊥ indicates the projection perpendicular to the spin quantization axis. Furthermore, we want to explicitly construct |Ψ
T T 3
JJn π ,P as eigenstate of an intrinsic LF mass operator, M = M 0 + V. Let us briefly remind the basic steps of this construction (cf. [8, 9, 10] ). Since the state |Ψ
JJn π ,P factorizes into |Ψ
JJn π |P , the intrinsic part |Ψ
JJn π should satisfy the following mass equation
is the free mass operator, m i the CQ mass, V a Poincaré invariant interaction, M the baryon mass, and J(J + 1), J n are the eigenvalues of the operators j 2 , j n , respectively. By means of the unitary operator R † =
, with R M el ( k j , m j ) being the generalized Melosh rotation [13] , the LF angular momentum eigenstate |Ψ
JJn π can be constructed from the eigenstate |ψ
JJn π of the canonical angular momentum, i.e. |Ψ
JJn π = R † |ψ
JJn π . Since M 0 commutes with R † , the application of the Melosh rotations to the mass equation (1) leads immediately to
where the interaction V = RVR † has to be independent of the total momentum P and invariant upon spatial rotations and translations (cf. [12] ). We can identify Eq. (2) with the baryon mass equation proposed by Capstick and Isgur in [11] . The interaction V = i<j V ij is a sum over the CQ pairs of the CI effective potential V ij , composed by a linear confining term (dominant at large separations) and a OGE term (dominant at short separations). The latter contains both a central Coulomb-like potential and a spin-dependent part, responsible for the hyperfine splitting of baryon masses. The values m u = m d = 0.220 GeV [11] have been adopted throughout this work. Disregarding the colour degrees of freedom, the state |ψ
JJn π is symmetric with respect to orbital, spin and isospin coordinates and can be written as: |ψ
, where L and S are the total orbital angular momentum and spin, respectively, [f ] λ denotes the irreducible representations of the {S 3 } group, and λ is the usual Yamanouchi symbol. The mass equation (2) has been solved by expanding the orbital states |ψ
set of harmonic oscillator (HO) basis states in the Jacobi coordinates p = k 1 and k = ( k 2 − k 3 )/2 and by applying to the Hamiltonian (M 0 + V ) the Rayleigh-Ritz variational principle, obtaining eigenvalues in agreement with the results of Ref. [11] . We have checked that the convergence for the quantities considered in this work can be reached including in the expansion all the HO basis states up to 20 HO quanta. The S, S ′ and D partial-wave components have been considered and the corresponding probabilities are: P Let us now consider the CQ momentum distribution defined as
The momentum distribution n(p), times p 2 , obtained for the nucleon and the Roper resonance using the CI interaction, is shown in Fig. 1(a) and compared with the gaussian-like ansatz adopted in [2] . It can clearly be seen that the high-momentum tail of both baryon wave functions is sharply enhanced by the effects due to the OGE interaction. The contributions of the S, S ′ and D partial waves to the CQ momentum distribution are separately shown in Fig. 1(b) . It turns out that in case of the Roper resonance the mixed-symmetry S ′ -wave, which has a spin-flavour structure orthogonal to that of the symmetric S-wave component, yields a significant contribution in a wide range of momenta; moreover, for p ∼ < 1 GeV /c the S ′ component is much larger in the Roper resonance than in the nucleon. On the contrary, the D-wave components of both the nucleon and the Roper resonance give a negligible contribution to n(p). Therefore, in the calculation of the N − P 11 (1440) transition form factors we will neglect the contribution of D-wave components. The results reported in Fig. 1 clearly show that, when the OGE interaction is fully considered in the mass equation (2), the resulting CQ structure of the Roper resonance contains high radial excitations and mixed-symmetry components, so that it can hardly be interpreted as a simple (first) radial excitation of the nucleon.
The matrix elements of the e.m. N − P 11 (1440) transition current can be written as follows (cf., e.g., [7] )
where
the Dirac (Pauli) form factor associated to the N − P 11 (1440) transition and τ = ∓1/2 (or τ = n, p). In Eq. (3) the structure
2 is required in order to keep gauge invariance. In the LF formalism (cf. [12] ) the space-like e.m. form factors are related to the matrix elements of the plus component of the e.m. current, I + = I 0 +n· I, and, moreover, the choice q + = q 0 +n· q = P * + −P + = 0 allows to suppress the contribution of the pair creation from the vacuum [15] . The matrix elements I + ν * ν (τ ) can be cast in the form I
where σ 2 is a Pauli matrix. Then, the transition form factors F * τ 1(2) (Q 2 ) are explicitly given by
The N − P 11 (1440) transition form factors will be evaluated using the eigenvectors of Eq. (1) and the plus component of the one-body e.m. current of Ref. [9] , which reads as
is the charge (anomalous magnetic moment) of the j-th quark, and f j 1(2) its Dirac (Pauli) form factor. Though the hadron e.m. current has to include twobody components for fulfilling gauge and rotational invariances (see [12] ), we have shown [9] that the effective one-body current component (5) is able to give a coherent description of both the pion and nucleon experimental form factors. Moreover, using the CQ form factors determined in [9] , our parameter-free prediction for the magnetic form factor of the N − ∆(1232) transition has been checked against available data (see [10] ). Therefore, in this letter the current component (5) with the same CQ form factors, f
1 (2) , and the same anomalous magnetic moments, κ u(d) , of Refs. [9, 10] is adopted. We want to stress that, since in the LF framework the e.m. form factors can be calculated using the matrix elements of I + only, our one-body approximation refers to the I + component of the current, so that, with a suitable definition of the other components, the e.m. current can fulfil gauge invariance.
The numerical calculations of the matrix elements I + ν * ν (τ ) involve multifold integrations, which have been carried out through a Monte Carlo routine [16] .
Our results for the magnetic transition form factor G * p
as well as for the elastic form factor G p M (Q 2 ), obtained using the CI wave functions both with and without the CQ form factors of Refs. [9, 10] , are shown in Fig. 2 for Q 2 up to few (GeV /c) 2 (i.e., in a range of values of Q 2 of interest to T JNAF ) and compared with the predictions of the relativistic q 3 model of Ref. [2] , where a gaussian-like ansatz is adopted for the baryon wave functions and point-like CQ's are assumed. It can be clearly seen that both G p M (Q 2 ) and G * p M (Q 2 ) are sensitive to configuration mixing effects, which however lead to an appreciable enhancement only in case of G p M (Q 2 ) (cf. also [9] ). For Q 2 up to ∼ few (GeV /c) 2 the effect of the configuration mixing is found to be opposite in the transition channel to the Roper resonance and in the elastic one. Then, when the CQ form factor of Refs. [9, 10] are included, our full prediction and the one of Ref. [2] turn out to be quite similar for the proton, but strongly different for the p − P 11 (1440) transition. In particular, for Q 2 ∼ 1 ÷ 4 (GeV /c) 2 our magnetic form factor G * p M (Q 2 ) is suppressed with respect to the prediction of Ref. [2] by a large factor (∼ 3 ÷ 4), which implies a reduction of about one order of magnitude for the electroproduction cross section of the Roper resonance.
In what follows, our results will be shown in terms of the helicity amplitudes A (Q 2 ), defined as
where α is the fine structure constant,
(Q 2 ) are shown in Fig. 3 and compared with the photoproduction values [17] and the results of phenomenological analyses [18, 19] of available electroproduction data, as well as with the predictions of the relativistic q 3 model of Ref. [2] and of the non-relativistic q 3 and q 3 G models of Ref.
[4](c). Moreover, in order to better illustrate the effects of the configuration mixing, the result obtained excluding the S ′ component of the CI wave functions of both the nucleon and the Roper resonance, is reported in Fig. 3 . As in case of G * p M (Q 2 ), our results both for the transverse A (Q 2 ) helicity amplitudes exhibit a remarkable reduction with respect to non-relativistic as well as relativistic predictions, based on simple gaussian-like wave functions. Such a reduction brings our predictions closer to the results of the phenomenological analyses of Refs. [18, 19] a . At the photon point it can be seen that: i) our prediction for A (Q 2 ) differ remarkably by the non-relativistic result of the q 3 and q 3 G models (i.e., A
Recently [4](c), it has been argued that the uncertainties related to the lack of a precise knowledge of the baryon wave functions might cancel out in the ratio between transverse and longitudinal helicity amplitudes. Thus, in order to check this point, our predictions for the ratio A [2] calculations, based on a simple gaussian-like ansatz for the baryon wave functions. It can clearly be seen that up to Q 2 ∼ 2 (GeV /c) 2 the ratio exhibits a small sensitivity to configuration mixing effects as well as to the e.m. structure of the CQ's, whereas it is strongly modified by relativistic effects. In this respect we want to stress that the relevance of the effects due to the relativistic compositions of the CQ spins, firstly shown in [7] and clearly exhibited in Figs. 3 and 4 , suggests that these effects, as well as those arising from the configuration mixing, should be fully included in the predictions a It should be reminded that model-dependent assumptions made in Refs. [18, 19] might produce significant uncertainties in the data analyses.
of the hybrid q 3 G model, before a meaningful comparison with our light-front CQ picture can be drawn. Finally, note that for Q 2 ∼ 0.2 ÷ 0.6 (GeV /c) 2 the relativistic predictions of the transverse amplitudes change sign, independently of the effects from the configuration mixing and the CQ form factors; therefore, for Q 2 ∼ 0.2 ÷ 0.6 (GeV /c) 2 the Roper-resonance production cross section is expected to be mainly governed by its longitudinal helicity amplitude.
In conclusion, the N − P 11 (1440) electromagnetic transition form factors have been analyzed within a light-front constituent quark model, using for the first time baryon wave functions, which incorporate the configuration mixing generated by the effective one-gluonexchange potential of Ref. [11] , and a one-body electromagnetic current, which includes the phenomenological constituent quark form factors determined in [9] from an analysis of pion and nucleon experimental data. It has been shown that the effects of the configuration mixing (i.e., high-momentum components and SU(6) breaking terms) in the Roper-resonance wave function are large and prevent to consider the structure of this resonance as a simple (first) radial excitation of the nucleon. It has been found that the effect of configuration mixing is opposite in the N − P 11 (1440) transition channel and in the elastic one. Thus, a remarkable suppression of the calculated helicity amplitudes with respect to relativistic and non-relativistic predictions, based on a simple gaussian-like ansatz for the baryon wave functions, is obtained. Moreover, the longitudinal helicity amplitudes exhibit an appreciable sensitivity to the mixed-symmetry S ′ components, generated in the baryon wave functions by the hyperfine interaction. 
